Combustion characteristics of a prototype micro gas turbine combustor fueled by kerosene were investigated. In order to enhance a recirculation in a primary combustion zone, a swirler was set between the primary and secondary combustion zones. Primary combustion air was introduced through the swirler and forced to flow upward to the combustor bottom, from which the fuel spray was supplied through a nozzle. Fundamental combustion characteristics such as lean combustion limit, flame luminosity etc. showed that this prototype combustor had a high potential for lean combustion and wide flame holding. Since a strong forced recirculation flow was induced by the upward swirl, lean and non-luminous flame was maintained in the primary combustion zone. Further, burned gas recirculation and highly turbulent shear flow in the primary combustion zone, both of which were caused by the upward swirl, resulted in the low NOx emission characteristics.
Introduction
From viewpoints of preventing air pollution and global warming and effective use of energy, a micro gas turbine system has received much attention as a dispersed generation (1)- (5) . In the prevention of air pollution, natural gas is favorable as a fuel for micro gas turbines. It is considered that, however, a demand of dispersed generation using liquid-fueled micro gas turbine will increase in future when a convenience as dispersed generation, an advantage of fuel supply in disasters, and fuel price are taken into account.
To keep temperature of exhaust gas at appropriate level for thermal efficiency and turbine blades and to realize lean combustion for low NOx emission are subjects in a development of modern gas turbine combustor (6) , (7) . Recently, many kinds of gas-fueled combustors to which lean premixed combustion is applied have been developed (8)- (10) . As for liquid-fueled combustors, a lean premixed and prevaporized combustion has been investigated for low NOx emission (11) - (14) , but it has problems that control of prevaporizer is difficult and turn-down ratio is small compared to a diffusion burner. Therefore, the development of liquid-fueled combustor on the basis of new concept is expected to overcome those problems.
The authors have been studied on the low NOx spray combustors, and found that the recirculation of high temperature burned gas to a primary combustion zone in a spray combustor could promote an evaporation of fuel without ignition, and therefore a low NOx combustion could be realized with a premixed-like combustion and high temperature and low O 2 air combustion caused by the recirculation (15) - (17) . Moreover, the new combustor concept that a combustion air which was introduced into a combustor from the end of primary combustion zone toward the upstream effectively transferred a burned gas to the upstream was proposed (18) .
In this study, we made a prototype combustor based on the concept mentioned above. Moreover, fundamental combustion characteristics of the combustor such as lean combustion limit, flame luminosity and distribution of temperature at the combustor exit were investigated, and the optimum configuration of the combustor was discussed on the basis of measured results.
Concept of new combustor
A flow pattern in the prototype combustor based on the new concept is shown schematically in Fig.1 . The unique point of this combustor is that a swirling air was introduced through a swirler which is placed at the end of primary combustion zone. The swirling air is forced to flow upward to the combustor bottom (upward swirl), and is flowed toward a fuel nozzle by guide vanes attached on the bottom. Then, the air flows into a secondary combustion zone through a throat. Fuel spray was injected through a nozzle of which the spray pattern is a hollow-cone toward the swirler and was burnt. A part of combustion gas flows upward with the upward swirl air, and therefore high temperature and low O 2 combustion gas is continuously supplied to the region near the nozzle. It is expected that an evaporation of fuel spray is promoted and a low NOx combustion is realized in the high temperature and low O 2 atmosphere (19)- (24) caused by the recirculation of combustion gas. In this combustor, a swirler plate is attached at the exit of swirler so that the upward swirl air flows along the inner wall of primary combustion zone. A split ratio of combustion air, namely a ratio of the primary and secondary air flow rates depends on the existence of this plate and the number of secondary air holes. Therefore, the ratio was previously determined on the basis of pressure loss of each air inlet. The relation between the combination of air inlets and the split ratio of combustion air is shown in Table 1 .
Experimental system and method
Schematic diagram of the experimental apparatus is shown in Fig.2 . This apparatus consisted of the combustor, air and fuel lines, temperature measurement system and combustion gas sampling system. Fig.3 . The combustor was composed of a swirler, a combustion chamber, a fuel nozzle, an ignition plug and a swirler plate. As for the combustion chamber, the diameters of primary and secondary combustion zones were 136mm, the diameter of throat was 96mm, and the total length was 560mm. A cross section A-A shows the bottom of combustor. Scroll-type guide vanes were placed on the bottom and the combustion air from the swirler was effectively guided to the nozzle by these vanes. At the outlet of swirler, the swirler plate was attached as shown in a cross section B-B so that the upward swirl air flowed along the inner wall of primary combustion zone. The secondary air was introduced into the chamber through 8 secondary air holes which diameters were 13mm at a cross section C-C. The fuel injection nozzle was a hollow-cone type swirl nozzle (Delavan, 3.0 gallon/h 90°A) which spray angle was 90 degrees. Kerosene was used as a fuel and was supplied to the nozzle by a fuel pump. The rated flow rate of nozzle was 3.0gallon/h and this corresponded to 2.5g/s in the case of kerosene (density: 790kg/m 3 ). Since atomization characteristics of the nozzle became poor when the flow rate was less than that value, the fuel flow rate was set at over 2.5g/s in this study. The swirler had 16 vanes and the vane angle was 45degrees. The inner diameter of swirler was 97mm.
Cross section of the combustor is shown in
The combustion air was fed by an air blower without preheat. In this study, combustion experiments were carried out mainly in a combination of swirler, 1st and 2nd combustion zones with the swirler plate shown in Table 1 . Temperature distributions at the outlet of combustor were measured by a Pt-PtRh13% thermocouple of 0.3mm diameter. The exhaust gas was sampled by a water-cooled sampling probe at the outlet of combustor and collected in a sampling bag. Compositions of the gas were analyzed by an exhaust gas analyzer (MEXA-4000FT, HORIBA Ltd.) and NOx (= NO + NO 2 ), CO and THC (Total Hydrocarbon) concentrations were measured.
Results and discussions

Combustion characteristics
Observation results of flame condition in the chamber are shown in Table 2 . Fundamental combustion characteristics are shown in Fig.4 . The flame condition was changed with the change of the total excess air ratio λ calculated from the fuel flow rate M f and the air flow rate M a . The excess air ratio in primary zone λ p was calculated on the basis of the split ratio of combustion air shown in Table 1 . Flame conditions were typically classified in the following three types and the region where each flame condition was observed is shown in Fig.4 .
Type (1): Flame was blown off (region 1 in Fig.4 ). Type (2): Non-luminous blue flame or blue and yellow flame existed in the chamber (region 2 in Fig.4 ). Type (3): Luminous yellow flame mainly existed in the chamber (region 3 in Fig.4) .
Results in the case that the air flow rate was less than 0.14kg/s are not shown in Fig.4 , because flame could not be held in the primary zone owing to a lack of combustion air. It can be seen that blow off occurred in the region where λ p was over 2.0, and the region 2 where a stable combustion was realized expanded with an increase of M a . It seems that the evaporation of fuel spray and the mixing of fuel and air were promoted by the combustion gas recirculation caused by the upward swirl. It is inferred that, moreover, a premixed-like flame functioned as flame holder in the primary zone because the combustion condition was dominated mainly by the excess air ratio. However, the excess air ratio of blow off slightly decreased over M a = 0.20kg/s. Table 3 . These are taken from the outlet of the combustor. It is shown that, in the region 2 , the blue flame expanded in the primary combustion zone and the throat with an increase of λ. The length of flame shortened with an increase of λ, but the blue flame filled the primary combustion zone. It seems that, therefore, the premixed-like combustion was maintained in the primary combustion zone by the recirculation of combustion gas in the region 2 . On the other hand, in the region 3 , unburned fuel flowed into the secondary combustion zone and burned there with luminous flame. The excess air ratio of primary combustion zone λ p was also low in this region.
Status of Flame
Therefore, combustion with luminous flame was probably occurred in the primary combustion zone, too. The combustion characteristics on the excess air ratio and the air flow rate shown in Fig.4 are converted into those on the fuel and air flow rate, and the results are shown in Fig.5 . We could not obtain the limit of the region 2 in increasing fuel flow rate owing to the upper limit of flow rate of the nozzle. However it is clear that a turn-down ratio for stable combustion, which is the ratio of maximum and minimum fuel flow rates of the region 2 , was over 2.
Distribution of combustion gas temperature and components at the outlet of combustor
Measured radial distributions of the combustion gas temperature and THC, NOx and CO concentrations at the outlet of combustor in M a = 0.20kg/s and M f = 4.3g/s are shown in Fig.6 . This condition is shown in a double circle in Fig.5 . It is clear that the temperature was less than 1200K and almost uniform in radial direction. CO concentration had a peak of 138ppm in the center of combustor, and decreased to 87ppm with an increase of radial distance from the center. THC concentration has a peak near the chamber wall, but its level was about 20ppm. From these results, it seems that combustion near the wall in the secondary zone was not complete because the arrangement of secondary air holes was not appropriate. However, those concentrations were sufficiently low, and therefore the condition was very close to a complete combustion. As for the NOx concentration, the radial distribution was almost uniform and the value was about 20ppm. From this distribution, it is inferred that locally high temperature regions did not exist in the combustor. This means that the mixing of fuel and air was good and a lean combustion was realized in the combustor.
We obtained mean temperature and concentrations of gas components at the outlet of combustor by averaging their radial distributions. Weighted average temperature or concentration based on the area of cross section at each measurement position will be shown in the next section. On the other hand, the averaged CO concentration at the outlet decreased and had the minimum at λ = 3.2 and then sharply increased with an increase of λ as shown in Fig.7 (b) . There was a trade-off relation between NOx and CO concentrations in over 3.2 of λ.
Effect of air flow rate on combustion characteristics at the outlet of combustor
Emission indexes of NOx (EI(NOx)) and CO (EI(CO)) which are calculated from their averaged concentrations are shown in Fig.8 . EI(NOx) had a peak at λ = 2.6, and then decreased with an increase of λ. Generally, EI(NOx) in a diffusion flame does not decrease with an increase of excess air ratio. In this combustor, however, EI(NOx) was decrease with an increase of λ like a premixed flame. This probably means the combustion condition in this combustor was very close to a premixed combustion. The excess air ratio in primary combustion zone was about 1.3 when EI(NOx) had the maximum. In this case, therefore, the main combustion region in the primary combustion zone was nearly in theoretical air-fuel ratio considering the mixing of fuel and air was not always complete. On the other hand, EI(CO) increased sharply at λ of over 3.2. It is considered that this sharp increase of EI(CO) was probably owing to local blow-offs of the premixed flame in the primary combustion zone.
To discuss the combustion behavior in the combustor, relations between the excess air In Fig.9 , the range of λ corresponds to the region 2 in Fig.4 . It can be seen that T g gradually decreased with an increase of λ, namely an increase of M a , and this behavior did not agree with EI(NOx). The NOx formation in this combustor seems to depend mainly on the combustion characteristic in the primary combustion zone.
It is shown that the combustion efficiency η c was almost 95%, and did not decrease in the λ region over 3.2 where CO concentration increased. λ = 3.2 corresponds to λ p = 1.6, (a)NOx air flow rate and this excess air ratio corresponds to the condition in which a premixed flame becomes unstable owing to a local brow-off. It is inferred that the secondary combustion zone is effective to maintain the combustion efficiency high, because the efficiency does not decrease in spite of the unstable combustion in the primary combustion zone and the increase of CO emission in higher λ. In this experiment, the arrangement of secondary combustion air holes did not optimize. It seems that the CO emission can be suppressed if the optimization is done. The combustion efficiency decreased around λ = 2.5, and this decrease was probably owing to the increase of heat loss from the combustor with a rise of flame temperature. It seems that, therefore, the actual efficiency did not decrease judging from the CO emission.
Effect of fuel flow rate on combustion characteristics at the outlet of combustor
The relations between the excess air ratio λ and emission characteristics of NO, NOx and CO are shown in Figs. 10 and 11 . The relations between the excess air ratio and combustion gas temperature and combustion efficiency are shown in Fig. 12 . In these figures, the measured results when M a = 0.20kg/s and fuel flow rate M f was changed are shown. The relation between M f and M a corresponds to the horizontal broken line in Fig.5 .
In the case that M a was constant, the NOx concentration gradually decreased and the CO concentration sharply increased at λ of over 3.2 with an increase of λ, namely a decrease of M f as shown in Fig.10 . These were similar to the tendencies shown in Fig.7 . It seems that, therefore, emission characteristics of NOx and CO were dominated not by combustion gas velocity or combustion load of combustor, but by excess air ratio. Relations between the excess air ratio and emission indexes of NOx and CO (EI(NOx)and (EI(CO)) are shown in Fig.11 . EI(NOx) increased but EI(CO) decreased sharply at λ of over 3.2 with an increase of λ. The combustion gas temperature T g at the outlet of combustor and the combustion efficiency η c are shown in Fig.12 . T g decreased with an increase of λ, but η c was almost 95%, and these were similar to those in Fig.9 .
Effect of secondary air arrangement on emission characteristics
To discuss the effect of secondary air on emission characteristics of this combustor, combustion gas temperature, NOx, CO and THC concentrations at the center of combustor exit in M f = 4.3g/s and M a = 0.20kg/s were measured while changing positions of the secondary air holes. The measured results are shown in Fig.13 . In this measurement, the position of 1st stage secondary air holes Z s1 was changed from 210mm to 285mm, and that of 2nd stage secondary air holes Z s2 was fixed at 360mm. From this figure, it can be seen that there was little relation between gas temperature and NO concentration and the arrangement of secondary air holes. These results seems to mean that the NOx formation depends mainly on the combustion condition in the primary combustion zone and the combustion gas temperature is not influenced by the combustion condition in the secondary combustion zone because a combustion of fuel is almost complete at the combustor exit. On the other hand, THC and CO concentrations were influenced by the arrangement of secondary air holes. There was tendency that the more upstream the position of 1st stage secondary air, the more THC and CO concentration decreased. These results show that THC and CO emissions are influenced by combustion gas flow in the secondary combustion zone, and there is a possibility that THC and CO emissions can be reduced by the optimization of size and arrangement of secondary air holes.
Conclusions
A new concept of low NOx spray combustion that a recirculation of burned gas induced by an upward swirl flow realized a premixed-like combustion of liquid fuel was proposed. Moreover, the prototype combustor for liquid-fueled micro gas turbine was made, and combustion experiments were carried out using it. In this study, flame shape, emission characteristics, and combustion gas temperature at the outlet of combustor were measured using kerosene as a fuel. The results obtained in this study were summarized as follows:
(1) A non-luminous flame was formed in the primary combustion zone, and distributions of temperature and gas compositions at the outlet of combustor were almost uniform. It seems that, therefore, a premixed-like combustion of liquid fuel could be realized and the mixing of fuel and air was promoted by the recirculation of combustion gas with the upward swirl flow.
(2) It was shown that CO emission of the combustor was kept low in the wide range of excess air ratio. A lean combustion with high combustion efficiency can be realized in this combustor.
(3) A stable combustion could be kept under a lean combustion condition that the excess air ratio of the primary combustion zone was less than 2.0, and therefore low NOx concentration (about 18ppm at 16%O 2 ) at the outlet of combustor could be achieved.
